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Q (57) Abstract: A metal mold for use in a nano-imprinting process comprises a firmly adhering monomolecular non-sticking layer. 

The layer was obtained by subjecting the mold to a reaction with a fluoroalkyl compound having a meicapto group. As a result of 
^ said reaction, the layer comprises an organic sulfide of said metal. 
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A MOLD FOR NANQ IIViPRINTING 

Technical field of the invention 

The present invention relates to nano- imprinting in 
general and especially to a mold for nano- imprint ing . 
Background art 

5 In the replication of nanostructures by hot emboss- 

ing it is necessary to provide a non-sticking interface 
between the nanostructured master and the thermoplastic 
to be embossed. This allows demolding without degrading 
the replication fidelity. Adhesion during the mold re- 

10 lease can cause damage to the replica. Further, residual 
polymer structures can contaminate the surface of the 
mold. A prerequisite for a successful imprint process is 
that the mold used should be chemically and mechanically 
stable and also adhere poorly with polymers to avoid 

15 sticking thereof to the mold. 

R. W. Jaszewski, et al disclose in Microelectronic 
Engineering 35 (1997) 381-384 covering the surface of the 
mold with an ultra- thin anti -adhesive layer comprising a 
polytetraf luorethylene (PTFE) film. The film is deposited 

20 according to two kinds of techniques, i.e. plasma poly- 
merization and ion sputtering from a plasma. Jaszewski et 
al allege in the above article that the quality of the 
film is degraded during the embossing process. Thus, it 
seems that the anti-adhesive layer according to Jaszewski 

25 et al is not sufficiently stable. 
Summary of the invention 

It is a main object of the invention to provide a 
metal mold having improved anti -adhesive properties. This 
object is accomplished with a metal mold for use in a 

30 nano- imprint ing process, said mold comprising a firmly 
adhering monomolecular non-sticking layer, said layer 
being obtained by subjecting the mold to a reaction with 
a fluoroalkyl compound having a mercapto group, said 
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layer, as a result of said reaction, comprising a sulfide 
of said metal . 

Other advantages and characteristics of the inven- 
tion will be described below in more detail. 
5 Detailed description of the invention 

Before explaining the invention in greater detail a 
discussion will be presented concerning the imprint pro- 
cesses, to which the mold is applied. A non-limiting 
example is nano- imprint lithography^ which is a technique 

10 for mass production of nano structures. This includes two 
basic parts. The first part is a mold, which defines the 
nano structure on its surface, and the second part is 
pattern transfer from the mold into a polymer on various 
substrates. As to nano-imprint lithography reference is 

15 made to US patent no. 5,772,905 to Chou and US patent no. 
5,259,926 to Kuwabara et al . These patents are entirely 
incorporated herein by reference. The mold according to 
the invention can be used in other imprint processes as 
well . 

2 0 In the present description "metal mold" refers to 

any mold for nano- imprinting that has a metal surface 
which is intended to contact the surface of a substrate 
to be embossed. 

The term "nano- imprinting" should not be read as 

25 referring only to submicron structures, i.e. structures 
with a size in the range of 1-1000 nm. A mold often 
includes both submicron structures and structures with a 
size of up to 100 micron, and larger. The present inven- 
tion is applicable for molds comprising submicron struc- 

30 tures and/or micron structures. The best effect of the 

invention is observed with the submicron structures since 
these are relatively more sensitive to adhesion during 
mold release. 

The present invention is based on the finding that a 

3 5 very firmly adhering monomolecular non-sticking layer can 

be obtained on the mold by subjecting the latter to a 
reaction with a fluoroalkyl compound having a mercapto 
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group. This compound includes two principal groups, R and 
X. The first group, called R, has non-sticking proper- 
ties. The second group, X, which is bound to the R-group, 
binds the compound, denoted RX, to the mold surface to 
5 form a monomolecular non-sticking layer. 

According to one aspect of the invention, the mold 
is made of metal, such as nickel, chromium, etc and thus 
the non-sticking layer is formed by reaction with a 
fluoroalkyl compound having a mercapto group. The result 

10 of the reaction is a very strong layer comprising an 
organic sulfide of nickel in case of a nickel mold. 
The R-group may include two subgroups'; a first 
subgroup, called RA, that includes the non-sticking 
functionality, and a second subgroup, called RS, which 

15 serves as a ''spacer" . 

-The first subgroup, RA, is a fluoroalkyl -containing 
group. The simplified representation of the RA-group is 
CnFy^Yp. C is carbon. The number of carbon atoms in RA is 
preferably n= 1-20, more preferred n= 1-10. F is 

20 fluorine. The number of fluorine atoms in RA is prefe- 
rably m=l-30, more preferred m=3-2 0. Y may be hydrogen, 
oxygen, nitrogen, silicon or other atoms. In order to 
avoid any unwanted reactions with the surface of the mold 
Y is preferably hydrogen. The number of Y-atoms, p, is 

25 the number required to balance the RA-group with respect 
to its charge. 

Each carbon atom in the RA- subgroup may be bound to 
1-3 fluorine atoms. Preferably RA includes at least one 
perf luorinated carbon atom. Preferably the perf luorinaued 

30 carbon atom is the terminal end carbon atom of the main 
chain of the RA-subgroup. RA may be linear or branched. 
For the non- sticking properties it is advantageous to 
have as many and as closely packed molecules of the RX- 
compound as possible bound to the surface of the mold. 

3 5 For reasons of close packing of the RX molecules the RA 
subgroup is preferably a linear chain, such as for 
example 
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(CF3) {CF2)3- 



[ linear chain; no branches] 



or a main chain with 1-3 short branches, such as for 
5 example 



10 

The branches, if any, preferably have a length of 1-3 
carbon atoms each. 

The surface of the metal mold for nano- imprint ing 
has a certain nano structure. This structure could be 

15 described as for example ridges, mountains and valleys in 
a nano scale. For some structures it may be difficult to 
obtain a sufficiently dense concentration of non-sticking 
functionality at the peaks of the mountains and at the 
corners of the ridges using a monomolecular layer of 

20 linear molecules. Thus the terminal end of the RA main 
chain is preferably branched to make the "head" of the 
RX- compound larger to improve the density of the non- 
sticking functionality and thus the non-sticking 
properties at the peaks, edges and corners of the nano 

25 structured surface. Preferably the branches as well as 

the main chain each include a perf luorinated carbon atom. 
Examples of such RA- subgroups with an enlarged head with 
non-sticking properties include: 



(CF3) 



\ 

(CF) (CF2) - 



[main chain with one branch] 



(CF3) 



30 




(CF) {CF2)2- 



[main chain with one branch] 



{CF3) 



35 



(CF3)^ 

(CF3)-{C) {CF2)2- 
(CF3)^ 



[main chain with two branches] 
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(CF3) (CF2)^ 

(CF) (CF2)2~ [main chain with one 
{CF3) {CF2)^ longer branch] 



5 Another possibility^ which is sometimes attractive for 
solving the above-mentioned difficulty, is to use very 
short main chains, for example R-groups with a total 
length of 2-3 carbon atoms ; with no or short branches. 
The non- sticking subgroup RA of the R-group should 

10 be situated at some distance from the mold surface to 
obtain the maximum non-sticking effect. The distance, 
represented as the number of carbon atoms being in line, 
from the X-group to the final and most distant carbon 
atom of the RA-subgroup is preferably 1-20 carbon atoms. 

15 Thus the total length of the main chain of the R-group is 
preferably 2-21 carbon atoms. If the RA-subgroup itself 
is not long enough a spacer subgroup RS may be used. The 
spacer subgroup RS is a hydrocarbon with the general 
formula CqYj;. C is carbon and q is the number of carbon 

20 atoms. For linear RS-groups q is preferably 1-19. For 
branched RS-groups q is preferably 2-30. As discussed 
above the total distance from the X-group to the final 
carbon atom of the RA-subgroup is 1-20 carbon atoms. For 
a given RA-subgroup this condition results in a range for 

25 q. If the RA-subgroup itself has a sufficiently long 

carbon chain, then the RS- subgroup may be omitted. Y may 
be hydrogen, oxygen, nitrogen, silicon or other atoms. 
For reasons discussed above Y is preferably hydrogen. 

The fluorine atoms of the RA-subgroup may influence 

30 the bond between the mercapto group and the metal. To 
avoid this it is preferable to use an RS-subgroup con- 
taining at least one hydrocarbon unit with the structure : 



35 



-(CH2)- 

The unit -(CH2)- "isolates" the fluorine atoms of the RA- 
subgroup from the bond. Preferably an alkyl -group with at 
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least 2-3 units of this type should be used for best 
"isolation" of the RA-subgroup from the mercapto -group . 
The shortest RS-subgroup is thus preferably: 



10 



- (CH2) (CH2) - 

For reasons of close packing of the RX-compound the 
RS-subgroup is preferably a linear group, such as for 
example 

-(CH2) (CH2) (CH2)- [linear chain, no branches] 
or a group with short branches such as for example 



15 -(CH2)>^ 

(CH) {CE2} 4- [main chain with one branch] 

-(CHsf 

or 

- (CH2)^ ^(CH2)- 
20 (CH) (CH2)4 (CH) 

- (CH2"r "^(CHs) - 

[main chain with one branch at each end] 



The branches, if any, preferably have a length of 1-3 
25 carbon atoms each. Preferably the RS-subgroup is an 
alJcyl -group . In the case of a branched RS-subgroup 
several RA- subgroups and/or several mercapto groups may 
be attached to the RS-subgroup, RA- and RS- subgroups 
containing double or tripple bonds are possible but less 
3 0 preferred since they may participate in unwanted addition 
reactions during heating of the mold. 

The mold used in the nano- imprint process is a metal 
mold. The metal mold may be of two different types. The 
first type is a mold made from solid metal. The nano 
35 structure is formed directly on the metal surface by e.g. 
an etching process known in the art. The second type is a 
mold comprising a base, e.g. made from silicon. The base 
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may be solid or made from several layers, and may be 
provided with a surface layer or film that is made from a 
metal . A preferred embodiment of this second type of mold 
is to first form the nano structure on a silicon surface, 
5 by e.g. etching processes known in the art. Then a very 
thin layer of metal is applied on top of the silicon 
surface using e.g. thermic evaporation or electrochemical 
precipitation. The thickness of the metal layer depends 
on the nano structure and the required wear resistance of 

10 the mold. In this way a mold is obtained having a metal 
surface that has a well defined nano structure and good 
wear properties. 

Several different metals, such as nickel, chromium, 
titanium, platinum, copper, silver, and gold, may be used 

15 for the mold. The preferred metals are nickel, Ni, and 

chromium, Cr, due to their corrosion resistance, moderate 
price and high hardness. An important aspect is that the 
non-sticking layer on the metal mold should have very 
uniform properties. The binding process and the binding 

2 0 energy of the monomolecular non- sticking layer will be 

different for different metals. The metal surface is thus 
preferably a rather pure metal, such as unalloyed nickel 
or unalloyed chromium. Alloys, such as stainless steel, 
and mixtures, such as a mixture of e.g. chromium and 
25 nickel, are less preferred, since the properties of the 
monomolecular non-sticking layer bound to an alloy or a 
mixture will vary over the surface. 

The X-group binds the RX-compound to the surface of 
the metal mold. The X-group includes at least one 

3 0 mercapto group. One such mercapto group is the SH unit, 

wherein S denotes sulfur and H denotes hydrogen. The 
sulfur atom is bound directly to one of the carbon atoms 
of the R-group. If an RS-subgroup is included, then the 
sulfur of the SH unit is bound to one of the carbon atoms 
35 in that subgroup. If no RS-subgroup is present then the 
sulfur is bound to one of the carbon atoms in the RA- 
subgroup. The X-group may contain more than one SH unit, 
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for example 2-4 SH units. In that case each SH-unit is 
bound to one carbon atom. The RS-subgroup bound to a X- 
group may, for example, have the following structure: 

-{CH2) (CH2)SH [RS-subgroup with X-group being 

one SH-unit] 

or 



^(CH2)SH 
10 - {CH2) (CH) 

^CH2)SH 

[branched RS-subgroup with X-group being two SH units] 

The SH units may, if they have a number of 2-4 in 
15 each molecule of the RX-compound, form internal sulfur 
bridges, that is an S-S unit, such as for example: 

(CH2) -S 

- (CH2) (CUV 

20 \(CH2)-S 

[branched RS-subgroup with X-group being a S-S unit] 



The S-S unit is also included under the definition 
mercapto group, since the S-S unit reacts with metal 

2 5 surfaces in exactly the same way as the SH units and is 
basically just another state of SH units. 

The mercapto groups react readily with the metals to 
form metal sulfides, such as nickel sulfide or chromium 
sulfide. An RX-compound, where X includes two or more SH 

30 units or at least one S-S unit, provides a stronger 
attachment of the RX-compound to the surface. This is 
preferred in, cases where each metal sulfide bond is weak 
or when an extra strong attachment is required. An 
example of such an attachment, using a molecule with two 

35 SH units or a molecule with a sulfur bridge, that is an 
S-S unit, is shown below: 
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(CH2)-S-Ni 

-{CH2) iCKY 

\{CH2) -S-Ni 

[branched RS-subgroup with X-group being two SH 
5 units or one S-S unit after attachment to a nickel 

surface] 

For extremely small nano structures very small RX- 
compounds may be preferable. The main chain of the R- 
10 group may then be as short as 2-3 carbon atoms. Examples 
of such RX-compounds, with R-groups having in total only 
2-5 carbon atoms include: 

(CF3) (CH2)SH [linear R-group having two 

15 carbon atoms] 



and 



{CF3)^ 

20 (CH) (CH2)SH [R-group with main chain having 

{CF3) one branch] 



The conditions during the reaction between the metal 
surface and the RX- compound are such that the compound is 

25 in a gaseous phase or in a liquid phase while the mold is 
in a solid phase. 

For reactions with the RX-compound in a gaseous 
phase it is preferred to clean the mold and place it in a 
vacuum oven under low pressure (about 10-200 mbar, 

30 preferably about 50-100 mbar) and at a temperature of 
about 50-200°C, preferably about 70-120°C. The 
fluoroalkyl compound having a mercapto group (the RX- 
compound) is then introduced into the oven. The mercapto 
group reacts with the metal surface forming a metal 

35 sulfide. When the reaction is completed the mold is 

withdrawn from the oven, cleaned, allowed to cool down 
and is then ready for use. 
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For reactions with the RX-compound in a liquid phase 
the mold is preferably cleaned in a solvent being adapted 
to the RX-compound. Examples of such a solvent include 
alkanes like pentane, hexane, heptane, octane etc. A 
5 solution is prepared by dissolving the RX-compound in a 
solvent; preferably the same solvent as was used for 
cleaning the mold. The concentration of the RX-compound 
in the solution is not critical, but often 1-10% is 
convenient. The temperature of the solution is not 

10 critical, but for practical reasons room temperature is 
often convenient. The cleaned mold is then dipped into an 
agitated container containing the solution. The mercapto 
group reacts with the metal surface forming a metal 
sulfide. The mold is then removed from the container and 

15 is cleaned by dipping it into one or several consecutive 
baths each preferably containing the same solvent as was 
used for the solution. The mold is finally dried, either 
by heating it sufficiently to evaporate the solvent or by 
flushing it with nitrogen gas. 

2 0 The choice of RX- compounds of the formula above is 

not critical according to the invention and one skilled 
in the art can easily, without extensive experimentation, 
find the most appropriate one in each case. By this 
choice possibility the layer can be tailored in view of 

25 factors material to the actual use of the mold, which is 
a great advantage. 

Best mode of performing the invention. 

An embodiment of the invention, which at present is 
judged to be the best mode of performing the invention, 
30 will be described below with reference to a working 
example . 

Example 1 

A silicon mold was etched to define a certain nano 
structure. The surface of the mold was then coated with a 
35 thin layer of nickel. The mold was cleaned in heptane. 
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A fluoroalkyl compound having a mercapto group, 
which compound was IH, IH, 2H, 2H-perf luorooctanethiol 
and had the structure : 

5 CF3(CF2)5(CH2)2SH 

was dissolved in heptane to obtain a 2% solution. The 
temperature of the solution was about 20°C. The cleaned 
metal mold was put into an agitated beaker containing the 
10 solution. The mold was now provided with a mono-molecular 
non-sticking layer with the structure: 

CF3 (CF2) 5 (CH2) 2S-Ni 

15 The mold was taken up from the beaker and was cleaned by 
dipping it in each of three consecutive beakers each 
containing heptane. The mold was then heated to 10°C 
whereby the heptane was evaporated. The mold was tested 
in a nano- imprint lithography process and it was found 

20 that the mold withstood more than 50 imprint sequences 
without any detectable degradation. 

The example above was repeated, except that the 
following fluoroalkyl compounds having a mercapto group 
were used: 

25 

Table 1: Additionally tested compounds 



R-arouD 


X-crrouD 


Metal 


RA- subgroup 


RS - subgroup 






(CF3) - 


-(CH2)2- 


-SH 


Ni 


{CF3)2 (CF) - 


-(CH2) (CH) ((CH2)-)2 


-S-S- 


Cr 


(CF3) (CF2)3- 


-(CH2)2- 


-SH 


Ni 


(CF2) (CF2)7- 


-(CH2)2- 


-SH 


Cr 



Similar results were obtained upon testing. 
Example 2 

3 0 The same RX- compound as described in example 1 was 

applied to a mold similar to that used in example 1. The 
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mold was cleaned in heptane and then put into an oven 
that had a temperature of 110°C, a nitrogen atmosphere 
and a pressure of 75 mbar. Pure RX-compound was injected 
into the oven. The mold; now provided with a mono- 
5 molecular non-sticking layer with a structure similar to 
that described in example 1, was taken out of the oven 
and was cleaned by dipping it in each of three conse- 
cutive beakers each containing heptane. Finally, the mold 
was dried by heating it to 70°C, Similar results as in 
10 example 1 were obtained upon testing. 
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CLAIMS 

1. A metal mold for use in a nano- imprinting process 
5 comprising a firmly adhering monomolecular non- sticking 
layer, said layer being obtained by subjecting the mold 
to a reaction with a fluoroalkyl compound having a mer- 
capto group; said layer, as a result of said reaction, 
comprising a sulfide of said metal. 
10 2. A metal mold as claimed in claim 1, wherein the 

mold is made of solid metal or has a metal surface. 

3. A metal mold as claimed in claim 2, wherein the 
metal mold comprises a thin layer of metal applied on a 
base material. 

15 4. A metal mold as claimed in any of claims 1-3, 

wherein the metal is nickel or chromium. 

5. A metal mold as claimed in any of claims 1-4, 
wherein the metal is unalloyed. 

6. A metal mold as claimed in any of claims 1-5, 

2 0 wherein the fluoroalkyl compound having a mercapto group 

is denoted RX where; 

R is a group with non- sticking properties, and 
X includes at least one mercapto group, 

wherein R is a linear fluoroalkyl group, which has a 

2 5 first end and a second end and which has no or only short 

branches, and wherein R at the first end includes at 
least one fluorinated carbon atom and at the second end 
is bound to X. 

7. A metal mold as claimed in claim 6, wherein at 

30 least one of said at least one fluorinated carbon atom is 
a perf luorinated carbon atom. 

8. A metal mold as claimed in any of claims 6-7, 
wherein R is a linear main chain, wherein the first end 
of R includes 1-3 branches, each with a length of 1-3 

3 5 carbon atoms, and wherein each of the branches and the 

first end of R includes a perf luorinated carbon atom. 
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9. A metal mold as claimed in any of claims 6-7, 
wherein the main chain of R has a total length of 2-3 
carbon atoms . 

10. A metal mold as claimed in any of claims 1-9, 
5 wherein the nano- imprinting process is nano-imprint 

lithography. 

11. A metal mold as claimed in any of claims 1-10, 
wherein during said reaction the fluoroalkyl compound is 
in a gaseous phase. 

10 12 . A metal mold as claimed in any of claims 1-10, 

wherein during said reaction the fluoroalkyl compound is 
in a liquid phase or is dissolved in a solvent. 
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